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Abstract

The relationship between the Northern Hemisphere and Southern Hemisphere deep water
circulation systems is explored in experiments with gradual and impulsive freshwater input
through the St. Lawrence. With sufficient freshwater volume input (50 Sv years), North Atlantic
Deep Water (NADW) cessation occurs, as does substantial cooling in the Northern Hemisphere.
The colder temperatures are accompanied by increased mass and sea level pressure in the
Northern Hemisphere, with corresponding lower pressure in the Southern Hemisphere. The low
pressure response occurs at high Southern latitudes, consistent with the Antarctic Annular
Mode, the leading mode of variability in the current climate. Stronger winds associated with this
increased cyclonicity intensify the Antarctic Circumpolar Current, with heat flux divergences in
the South Atlantic and convergences and warming in the Indian Ocean. Weddell Sea Bottom
Water production increases in response to the South Atlantic high latitude cooling and sea ice
growth, hence acting as a ”seesaw” with the decreasing NADW, and even global Antarctic
Bottom Water increases although not as strongly. The initial ”seesaw” response occurs within a
few years, although it takes some 100 years to maximize due to the response time of the ACC.
The South Atlantic cooling occurs approximately in phase with North Atlantic, so the ”seesaw”
is not in temperature within that ocean basin; however, warming in portions of the Southern
Indian Ocean occur out of phase with Northern Hemisphere cooling. NADW does not resume of
its own accord once complete cessation occurs even when freshwater input is stopped, but when
increased evaporation is used to force NADW formation temporarily, Weddell Sea Bottom Water
decreases accordingly.
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I. INTRODUCTION

In (Rind et al., 2001) (henceforth referred to as
Part I) we described a series of experiments in which
freshwater was added to the St. Lawrence. The
greater the volume input, the greater the reduction
in North Atlantic Deep Water (NADW) production.
Broecker (1998) has suggested that Antarctic Bottom
Water (AABW) changes may occur out of phase with
NADW changes, due to the impact of the NADW
circulation on the density structure in the Southern
Ocean. The suggestion was motivated by several ob-
servations and interpretations. Firstly, Hughen et al.
(1998) found that the 14C content in atmospheric CO2

increased by ≈50% during the first 200 years of the
Younger Dryas, and then steadily declined during the
next 1000 years. Greenland ice core records do not in-
dicate a gradual warming during this time period, so if
the cooling on Greenland was associated with NADW
cessation, it would imply NADW did not gradually re-
sume. To find another way the excessive 14C could be
removed from the surface ocean, Broecker suggested
that AABW increased, as occurred in the model ex-
periments of Stocker and Wright (1996), Mikolaejwicz
(1998) and Schiller et al. (1998). The explanation
for this increase is that without input of NADW at
depth in the Southern Ocean, heat from the thermo-
cline gradually mixes downward to the deep ocean,
reducing its density, and allowing dense surface wa-
ters to penetrate to depth.

One consequence of this greater vertical mixing is
that heat would be brought up from the depth, and
perhaps lead to warming around Antarctica. This
fits the second type of observation, that a pause in
deglacial warming in the Byrd ice core on Antarc-
tica occurred during the Bolling-Allerod warm inter-
val (in the Northern Hemisphere); and that during the
Younger Dryas cold interval (in the Northern Hemi-
sphere and at southern latitudes as far south as New
Zealand), Antarctica warmed (Jouzel et al. (1995)).
To supply enough additional heat for warming, and
to provide sufficient time to incorporate 14C into the
surface waters, Broecker suggested that greater trans-
port occurred from lower latitudes (consistent with
increased AABW production).

The suggestion assumes that the Greenland cool-
ing of the Younger Dryas was produced by eliminat-
ing NADW production, the reality of which has come
into question, as discussed in Part I. Furthermore, it
has become apparent that Antarctica did not ubiqui-
tously warm, as Taylor-Dome results show in-phase

cooling (Steig et al., 1998), although there may be
some uncertainties associated with this result. We
show below that as a result of NADW reduction in
the model, warming occurred in the Indian Ocean,
which is most likely to be picked up by Vostock.

As discussed below, the experiments performed
in Part I show an unambiguous inverse relationship
between NADW and AABW in the GISS coupled
atmosphere-ocean model. Additional experiments
were performed, in part to gauge the extent of this
relationship, and they completely confirm the results.
However, unlike Broecker’s original suggestion, the
connecting mechanism for this ”seesaw” is through
the atmosphere, not the ocean. It then allows the re-
lationship to be extremely rapid, without the phase
delay implied by the interpretation of the 14C trends.
Implications and consequences of these results will be
given in the discussion section.

II. MODELING EXPERIMENTS

The first set of experiments used are those that
were discussed in part I, and so will not be further
described here. In addition, to emphasize the rapid-
ity of the effect, a second set of experiments was per-
formed. It has been suggested that a basic problem
with experiments such as these used in Part I is that
deglacial freshwater input occurs in massive pulses,
rather than uniform values spread out for hundreds
of years (Teller, 1995). The abrupt releases of wa-
ter from proglacial Lake Agassiz during periods of
lake level drawdown (Teller et al., 2000) provide a
possible mechanism for periodic additional influxes of
freshwater through the St. Lawrence Valley, Arctic
Ocean, and Hudson Strait. On several occasions dur-
ing deglaciation, up to 10 Sv may have been released
to the oceans in a one year period, although the flux
would have been less if drawdown occurred over sev-
eral years. To test whether a large pulse of water
over a short time would have any noticeable effect,
and to address several additional questions, three ad-
ditional experiments were performed. As indicated in
Part I Table 2c, to completely eliminate in STAND
the NADW production requires a volume of freshwa-
ter equivalent to ≈55 Sv years. Hence for the first ex-
treme experiment, we added 10 Sv per year for 5 years
to the St. Lawrence outflow, again input at 0◦C. The
run was then continued for another 195 years without
any anomalous freshwater input. It will be referred to
as the FRESHWATER PULSE experiment. A com-
plete list of the new experiments is given in Table 1.
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To test the mechanisms producing cooling in the
North Atlantic, two modifications of this experiment
were performed. In the first, the same freshwater in-
put was added for 20 years (instead of 5) [called 20 YR
FRESHWATER PULSE], and then run for another 20
years; and in the second, the same freshwater input
was added for all 40 years [40 YR FRESHWATER
PULSE].

To see if the relationship between NADW and
AABW existed with greater NADW, and to explore
whether a stable ocean state existed with such greater
production, the reverse of the impulse experiment was
conducted: evaporation from the North Atlantic at
the latitude of the St. Lawrence was artificially in-
creased by 10 Sv per year for five years. This will
be referred to as the EVAPORATIVE PULSE exper-
iment.

Finally, to explore the effects of increased evapora-
tion in a situation where NADW production was dor-
mant, a modified evaporation increase (5 Sv per year
for five years) was implemented at year 200 of the
FRESHWATER PULSE run. Freshwater loss of this
magnitude is similar to that which occurred at the be-
ginning of the last glacial epoch, some 115 thousand
years ago, resulting in a drop of sea level of about 60
m in 5000 years (although it is not likely it came ex-
clusively from the North Atlantic). This run is then
called the MODIFIED EVAPORATIVE PULSE ex-
periment.

III. RESULTS

A. Antarctic Bottom Water Response

The effect of freshwater input on NADW and
AABW in the STAND control run and the experi-
ment in which the St. Lawrence runoff was increased
by 32× (approximately 0.54 Sv input) is shown in Ta-
ble 2. The Atlantic mass stream function, at a given
latitude and vertical level, is defined for this paper
to be the horizontal mass flux that enters the At-
lantic basin north of the given latitude and beneath
the given latitude. Thus the Atlantic mass stream
function south of 36◦S includes westerly mass flux
south of Africa (and possibly easterly mass flux south
of South America) in addition to the northerly mass
flux of the desired latitude. Results are shown for
the model’s AABW in the South Atlantic as well as
the global value. Due to its lack of complete sta-
bility, NADW production decreases by about 20% in
the control run over the 160 year time period, but
decreases by 100% in the 32× St. Lawrence river-

flow experiment by 100 years, remaining negligible
thereafter. AABW generated in the South Atlantic
remains relatively constant with time in the control
run, but increases by a factor of 3 in the 32× St.
Lawrence experiment. Global AABW decreases by
50% in the control run, but is relatively constant for
much of the time period in the experiment. South
Antarctic Bottom Water generation has clearly var-
ied inversely with NADW production.

The streamfunction in the Atlantic is shown for the
control run and the 32× St. Lawrence experiment
after 141–160 years in Figure 1. The disappearance
of NADW and the invigoration of AABW production
is evident.

The relationship between NADW and AABW in
the different gradual freshwater input experiments
is given in Table 3 for years 91–100. In general,
the experiments with weaker NADW production have
stronger AABW production by this time. Global
AABW production is less affected.

Shown in Figure 2 is the result of the FRESHWA-
TER PULSE experiment. As expected, the freshwa-
ter added during the 5 years was sufficient to elimi-
nate production of NADW (Figure 2, top). Appar-
ently, as long as the input occurs over a time-scale
smaller than the oceanic mixing time of many hun-
dred years, the effect is the same given a sufficient vol-
ume of freshwater forcing. Although the anomalous
freshwater input was not added after year 5, NADW
production did not return. AABW generation in the
South Atlantic increased immediately, although the
biggest gain took over 100 years to arise (Figure 2,
middle). By that time, global AABW also had clearly
increased (significant at the 99% level), although by
a smaller magnitude (Figure 2, bottom).

B. Salinity Response

Given that freshwater is being added to the North-
ern Hemisphere, we can investigate how far anoma-
lously low salinity had propagated by ≈150 years, the
time shown in Figure 2. Shown in Figure 3 is the
Atlantic salinity change. Reduced salinity is found
throughout the North Atlantic, extending across the
equator above 1200m, and as far south as 30◦S above
400m. Higher salinity exists for the rest of the South
Atlantic. Reduced upwelling in the southern tropics,
associated with NADW removal, may be responsible
for the decreased salinity at the surface, and the in-
creased salinity below relative to the control run.

We can also refer to Figure 4 in Part I, which pro-
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vides the global surface salinity change. By 141–160
years decreased salinity has affected the global from
high northern latitudes to about 30◦S in all ocean
basins, with the strongest effect in the Atlantic, while
little change or slight salinity increases are found fur-
ther south.

From both of these presentations, we can conclude
that the direct impact of the added freshwater is not
contiguous with the region of AABW increase. Nor
has the change in NADW provided a contiguous path
of altered salinity at depth to high southern latitudes.

C. Temperature Response

Temperature change in the Atlantic for this time
period is shown in Figure 4 for the 32× St. Lawrence
experiment. The cold freshwater, and reduced pole-
ward heat transport have cooled the North Atlantic.
Reduced upwelling, however, has led to a large region
of warming in the tropics and southern subtropics.
Additional cooling can be found at high southern lat-
itudes.

The Weddell Sea cooling is shown as a function
of time in Figure 5 (top). Through the first 150
years, while freshwater was being added in the 32× St.
Lawrence experiment, cooling gradually increased. In
the realistic freshwater input experiment, LTC (1),
there was little systematic effect. In conjunction with
the cooling, sea ice increased in the 32× St. Lawrence
experiment (Figure 5, middle), with little change in
the LTC (1) experiment.

The global distribution of temperature change and
sea ice response for the FRESHWATER IMPULSE
experiment is shown in Figure 6, averaged over years
181–200 of the experiment, 176 years with no addi-
tional freshwater insertion and after 160 years with
no NADW production. In each ocean basin, warm-
ing occurs in the southern subtropics to about 40◦S,
even further south in the Indian Ocean. Somewhat
stronger cooling arises in the Weddell Sea region than
in the other ocean basins at high southern latitudes.
These results are generally similar to those shown for
years 141–160 (60 years after NADW shutdown) in
the 32× St. Lawrence experiment (Figure 6 of Part
I.) indicating that they do not depend on how rapidly
the deep water response occurs nor on the length of
time after deep water has ceased, once a certain equi-
librium is reached (i.e., the cooling did not appear
to intensify with the additional 100 years of NADW
cessation). The sea ice mass increases by 134 kg/m2,
and sea ice cover more than doubles, with strong lon-
gitudinal variability in the Southern Ocean. The in-

creased salinity at high southern latitudes in the 32×
St. Lawrence experiment (and, as shown in Part I,
Figure 3, not in the LTC(1) experiment) is at least
partly the result of brine rejection accompanying the
sea ice growth.

Increased surface salinity and colder surface tem-
peratures both increase the density of the surface
waters, and as both the temperature and salinity
changes decrease with depth (Figures 3,4), they also
increase the instability of the water column. These
results are then consistent with increased AABW pro-
duction.

D. Ocean Transport Response

Why is the temperature cooling in the South At-
lantic? Broecker (1998) suggested that reduced inflow
of warm NADW would influence the Southern Ocean
region, but no contiguous temperature effect at depth
from high northern to high southern latitudes is visi-
ble (Figure 4). However, shown in Figure 5 (bottom)
is the change in ocean heat transport convergence into
the Weddell Sea. While there is much variability, val-
ues are generally negative in the 32× St. Lawrence
experiment, with little change in LTC(1). This re-
sult indicates that at least part of the cooling in the
Weddell Sea is due to a reduction in ocean heat con-
vergence into the region. Another, radiative, com-
ponent is associated with the increased sea ice and
hence greater reflectivity, as well as slight reductions
in atmospheric water vapor absorption of longwave
radiation (Table 4 of Part I).

The reduced convergence is unexpected, since in-
creased AABW would be thought to provide for
greater meridional heat advection to high southern
latitudes. This in fact is the reasoning behind Broecker’s
(1998) assessment of what he thought was the out of
phase relationship between Southern and Northern
high latitudes during the Younger Dryas. Greater
meridional heat advection is taking place. Figure 9
in Part I shows that greater southward (less north-
ward) energy transport is occurring in the Atlantic.
Figure 10 of Part I shows that this increased poleward
heat flux is occurring in the western South Atlantic,
consistent with increased bottom water production
in the Weddell Sea. We reproduce the heat transport
figure, this time from a Southern Hemisphere polar
perspective, for the last 195 years in the FRESHWA-
TER IMPULSE experiment in Figure 7; the results
are completely consistent with those shown in Part I
for the gradual freshwater increase experiment. Ac-
companying the latitudinal convergence of heat is a
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longitudinal heat divergence, with little added heat
coming into the South Atlantic at 65◦W compared
to the flux out at 20◦E. In the FRESHWATER IM-
PULSE experiment, averaged over the 195 years of lit-
tle or no NADW production, the heat flux divergence
in the region of 44◦S–80◦S, 65◦W–20◦E amounted
to 43×1013 W relative to control run values. At
the same time, increased longitudinal heat flow into
the Southern Indian Ocean is occurring, with relative
heat convergence of 80×1013 W in the 44◦S–72◦S,
20◦E–145◦E. This additional heat is responsible for
the warming seen at relatively high southern latitudes
in that ocean basin (Figure 6; see also Figure 6 of Part
1), overcoming in part the radiative cooling that af-
fects the whole hemisphere. To understand why the
longitudinal effects are occurring, we have to refer
to the atmospheric circulation changes accompanying
NADW production cessation.

E. Atmospheric (and coupled Oceanic)
Response

As temperatures cool in the NH associated with
the NADW cessation, due to decreased poleward
oceanic heat advection and consequent sea ice growth,
sea level pressure and atmospheric mass increase, as
shown in Figure 8 for the 32× St. Lawrence exper-
iment (top); note that this effect does not arise in
LTC(1) (Figure 8, bottom), which had substantially
less NADW change and consequent Northern Hemi-
sphere cooling. The increased mass predominantly
comes from the Southern Hemisphere, and in partic-
ular, mass decreases over the Southern Polar region,
similar in a broad sense to the first EOF response
in sea level or surface pressure, the ”Antarctic Os-
cillation” or annular mode (Thompson and Wallace,
2000).

The realization of what in effect is a ”high phase”
of the Antarctic Oscillation is associated with the
tropical warming that results from NADW reduction
and reduced tropical upwelling (Fig. 4); the increased
latitudinal temperature gradient away from the trop-
ics provides for a west wind increase in the tropo-
sphere, with relative equatorial planetary wave prop-
agation away from higher latitudes, as has been as-
sociated with the current high phase of the polar os-
cillations and tropical warming from increased CO2

(Shindell et al., 1999). Equatorward planetary wave
propagation transports angular momentum toward
the pole as shown in Figure 9 (the ”advection” term).
Increased angular momentum at high latitudes, pro-
viding for a more west to east wind flow, is then asso-

ciated with greater cyclonicity and lower atmospheric
pressure.

The reduction in sea level pressure at high South-
ern Latitudes led to the increased west winds in the
circumpolar region. This has the effect of driving an
intensified circumpolar current; this can be seen as the
increased loss of angular momentum by surface drag
(”surface”) for the latitudes of the Southern Ocean
in Figure 9. That such an intensified current occurs
throughout the Southern Ocean can be seen in Figure
11 of Part I. We show in Figure 10 for the FRESH-
WATER IMPULSE experiment the change with time
of the surface pressure, averaged over the region 60–
90◦S, and the Antarctic Circumpolar Current (ACC)
magnitude as calculated through the Drake Passage.
The ACC is the result of an equilibrium balance be-
tween surface wind stress forcing and bottom drag;
it takes some 50 years for the pressure drop to reach
a relatively stable value, and an additional 30 years
for the ACC to do so. It is only after this time that
cooling strengthens in the Weddell Sea, and AABW
changes maximize. It is due to the continental con-
figuration (the relative closeness of South America
to Antarctica, compared with South Africa), that
the intensified current leads to longitudinal energy
transport divergence out of the South Atlantic. The
processes are highly interactive: the cooling of the
South Atlantic with a consequent increase in latitudi-
nal temperature gradient helps generate added eddy
energy; this added eddy energy helps provide added
momentum transport to intensify west winds and low
pressure at the high southern latitudes, when then
helps provide for the South Atlantic cooling through
its effect on the ACC and longitudinal heat transport
divergence.

F. Additional Pulse Experiments

Since the atmospheric mass-transfer mechanism
depicted in this model depends upon Northern Hemi-
sphere cooling, it is instructive to understand why
this cooling is taking place. As indicated in Part
I, a 50% reduction in poleward heat transport con-
vergence at high latitudes in the North Atlantic pro-
duces some of the cooling, and it is amplified radia-
tively by the growth of sea ice. In the FRESHWA-
TER IMPULSE experiment, the cooling over Green-
land reached 3◦C after 40 years, gradually increasing
to 4◦C before stabilizing; note NADW reduction to
near zero occurred after 20 years, as did the 50% re-
duction in converged heat transport. When we al-
lowed the freshwater input to continue at its high
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rate for 20 years before ceasing [20 YR FRESHWA-
TER PULSE], NADW production again went to near
zero after 20 years, and the heat convergence again
dropped 50%, but now temperatures reached the 3◦C
cooling magnitude in just 20 years (Table 4). When
freshwater input was continued for 40 years [40 YR
FRESHWATER PULSE] converged ocean heat trans-
port originally declined even further, but eventually
stabilized at the 50% reduction, while the tempera-
ture over Greenland was reduced by 6◦C. Apparently
half the cooling was associated with the freshwater
input itself of 0◦C water, and the other half with the
NADW cessation. As noted in Part I, this model pro-
duced greater cooling than arose in the simulations
of Manabe and Stouffer (2000), perhaps because this
input of cold water was not occurring in their study.

With greater cooling in the Northern Hemisphere,
greater mass buildup is expected, and AABW in-
crease should be greater. The results after 20 years in
20 YR FRESHWATER PULSE, and after 40 years in
40 YR FRESHWATER PULSE are shown in Table
4. South Atlantic AABW changes are greater as the
cooling expands (Greenland is not a perfect indica-
tor of the Atlantic basin and hemisphere temperature
change but it is indicative).

If this process works for NADW reduction and
consequent Northern Hemisphere cooling, it should
also be applicable for NADW increases and Northern
Hemisphere warming. The EVAPORATIVE PULSE
and its modification experiments were an attempt to
produce the inverse of the FRESHWATER PULSE
experiments. They were also an attempt to deter-
mine if another stable mode of operation existed in
the ocean, at least in the GISS model.

In the EVAPORATIVE PULSE experiment, the
increased evaporation for the first five years did in-
deed result in an increase in NADW production.
With this forcing, NADW production tripled during
the course of the five years, accompanied by warming
in Greenland, and South Atlantic AABW simultane-
ously disappeared entirely (Table 4). The relationship
was therefore as expected.

In the MODIFIED EVAPORATIVE PULSE ex-
periment, 5 Sv per year was removed for five years
through added evaporation starting from year 200
of the FRESHWATER PULSE simulation with no
NADW production. NADW production was re-invigorated,
rising to values somewhat greater than in the con-
trol run for a little more than five years, and Green-
land temperatures warmed back to control run values.
During that time, South Atlantic AABW decreased to

close to its control run value (from the larger values
shown in Figure 1). This experiment was also an at-
tempt to determine whether dormant NADW could
have been revived with such a perturbation. In fact,
NADW could not be maintained, but it did not sub-
sequently disappear entirely, stabilizing at about 4 Sv
for the next century. This is an interesting result in
itself, and implies that NADW could be reinitiated
in the model at least to a minor extent with a suffi-
ciently large perturbation, stabilizing at a small but
non-zero level (similar to the magnitude produced by
freshwater in the Manabe and Stoufer (2000) experi-
ment). AABW also did not return to its previous high
value, and cooling in Greenland (and elsewhere) was
not as extensive. These experiments help verify that
the relationship between deep water formation in the
two hemispheres does appear to be out-of-phase with
little time lag, at least when associated with strong
freshwater/salinity perturbations.

DISCUSSION

Superficially, these experiments are in accord with
Broecker’s (1998) suggestion of a bipolar seesaw in
AABW production, especially in the Atlantic. Given
that the mechanism acts through the atmosphere it
is extremely rapid, with an initial AABW increase in
the Weddell Sea essentially synchronous with reduced
NADW production. As shown in Figure 2, global
AABW is static for about 50 years after NADW ces-
sation, but then starts increasing, which would then
begin to draw down 14C from its peak values. In the
FRESHWATER IMPULSE experiment, AABW in-
crease maximizes some 125 years after NADW pro-
duction first goes to zero, both in the South At-
lantic and globally. Past this time, there is little
further change (Figure 2), in apparent disagreement
with the observations noted in the introduction which
found a continual decline in 14C for 1000 years. Even
more significantly, the temperature change in the
South Atlantic cools when sufficient NADW reduc-
tion is in place, rather than warming as Broecker
suggested. [In the experiments discussed in Part I,
cooling at high southern latitudes is clearly visible
with a 90% NADW reduction (in years 80–100 of 32×
St. Lawrence); with a 70% decline (years 40–60) it is
not yet robust.] As also noted in the introduction,
observations now imply that cooling was not ubiqui-
tous over Antarctica; in the model experiments, the
heat divergence out of the South Atlantic is accom-
panied by heat convergence in the Indian Ocean, im-
plying some degree of heterogeneity in temperature
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response. The increased poleward transport hypoth-
esized by Broecker to explain the added 14C uptake
of surface waters does occur in the western South At-
lantic (as implied by the heat transport change in
Figure 7 and by the ocean current change in Part I,
Figure 11).

In comparison with results from other experiments,
Schiller et al. (1997) found that after several hundred
years of freshwater input, NADW advection south
of 30◦S eventually ceased, and AABW gradually ex-
panded; by the end of their experiment, AABW in-
creased by 15% (with a streamfunction value of 9
Sv). The pattern was not in steady state, and overall
AABW and Southern Ocean convection were not sig-
nificantly affected. The use of large flux corrections in
this region might have influenced their result. Man-
abe and Stouffer (2000) do not indicate any change
in AABW, only that 500 years after NADW weaken-
ing, AABW eventually extends considerably north of
the equator in the Atlantic. They do, however, report
cooling at high latitudes in the Southern Ocean of a
similar magnitude to those shown in Figure 5.

Of course, we cannot ignore the more general ques-
tion of whether these results have any relevance to the
Younger Dryas itself. As noted in Part I, substantial
questions remain as to whether the Younger Dryas
cooling did in fact result from a rapid shutdown in
NADW driven by freshwater input. When the es-
timated realistic freshwater is added in the model
(of order 0.1–0.2 Sv), the NADW response appears
to be too slow. Nevertheless, even under these cir-
cumstances the bipolar oscillation occurs, although
all changes are much more gradual.

The model results suggest specific responses that
could be tested in the paleodata. AAC increases
should accompany decreased NADW production, al-
though with a lag of a few decades; temperature
changes around Antarctica in response to the effect
could be of varying sign with longitude, as has al-
ready been observed; and while AABW production
in the South Atlantic should have increased nearly si-
multaneously with NADW reduction, global AABW
production should be much less affected. The results
also have ramifications for deep water nutrient prox-
ies such as δ13C and Cd/Ca measurements of ben-
thic foraminifera, which are used to assess NADW
changes with time, and which assume AABW in the
Atlantic is unchanged. Were Atlantic AABW to have
increased, then the presumed NADW changes would
have been less (i.e., NADW would not have decreased
as strongly). This would then be more consistent with

the estimates of realistic freshwater input.

CONCLUSIONS

The primary conclusion from this work is that
AABW production in the Weddell Sea varies inversely
with NADW production, producing a ”bipolar” see-
saw. This occurs via an atmospheric teleconnection,
whereby mass increases in the Northern Hemisphere
and decreases in the Southern Hemisphere (Antarc-
tica), increasing the AAC current and longitudinal
heat flux divergence out of the South Atlantic, with
cooling and sea ice growth/salinity increases amplify-
ing bottom water production. As longitudinal differ-
ences in heating/cooling arise in the Southern Ocean,
global AABW shows less change but still increases.
To the extent that the results are relevant for the
Younger Dryas, they are somewhat inconsistent with
explanations for the observed 14C behavior during the
deglaciation; although increased Southern Ocean bot-
tom water would have helped 14C levels to decline to
normal values, it appears the effect would have been
more rapid than the ≈200 years implied by the data.
The results also do not suggest an out-of-phase tem-
perature relationship between high latitudes of the
two hemispheres in the Atlantic, but do imply the
possibility for heterogeneity in the longitudinal tem-
perature response around Antarctica.

Acknowledgments. This research was supported
by NSF grants ATM 96–1268, and OCE-99–05038.

References

Broecker, 1998: Paleocean circulation during the last
deglaciation: a bipolar seesaw? Paleoceanography, 13,
119–121.

Hughen, K. A., J. T. Overpeck, S. J. Lehman, M. Kash-
garian, J. Southon, L. C. Peterson, R. Alley and D.
M. Sigman, 1998: Deglacial changes in ocean circula-
tion form an extended radiocarbon calibration. Nature,
391, 65–68.

Jouzel, J. et al., 1995: The two-step shape and timing
of the last deglaciation in Antarctica. Clim. Dyn., 11,
151–161.

Manabe, S. and R. J. Stouffer, 2000: Study of abrupt
climate change by a coupled ocean-atmosphere model.
Quaternary Science Reviews, 19, 285–299.

Mikolajewicz, U., 1998: A meltwater induced collapse of
the ”conveyor belt” thermohaline circulation and its
influence on the distribution of 14C and δ18O in the
oceans, in Geophysical Monograph Series, edited by P.
Schlosser, W. M., Smethie Jr., and J. R. Toggweiler,
AGU, Washington, D. C. in press.



8

Rind, D., P. deMenocal, G. L. Russell, S. Sheth, D.
Collins, G. A. Schmidt and J. Teller, 2001: Effects
of glacial meltwater in the GISS coupled atmosphere-
ocean model: Part I: North Atlantic Deep Water Re-
sponse. J. Geophys. Res., this issue.

Schiller, A., U. Mikolajewicz, and R. Voss, 1997: The
stability of the thermohaline circulation in a coupled
ocean-atmosphere general circulation model. Climate
Dynamics, 13, 325–348.

Shindell, D. T., R. L. Miller, G. A. Schmidt and L. Pan-
dolfo, 1999: Simulation of recent northern winter cli-
mate trends by greenhouse gas forcing. Nature, 399,
452–455.

Steig, E.J., E.J. Brook, J.C. White, C.M. Sucher, M.L.
Bender, S.J. Lehman, D.L. Morse, E.D. Wadding-
ton, and G.D. Clow, Synchronous climate changes in
Antarctica and the North Atlantic, Science, 282, 92–
95, 1998.

Stocker, T. F. and D. G. Wright, 1996: Rapid changes in
ocean circulation and atmospheric radiocarbon. Paleo-
ceanography, 11, 773–795.

Teller, J. T., 1995: The impact of large ice sheets on conti-
nental paleohydrology. In K. J. Gregory, L. Starkel, and
V. R. Baker, eds., Global Continental Paleohydrology,
J. Wiley and Sons, pp. 109–129.

Teller, J. T., D. Leverington and J. Mann, 2000: Abrupt
freshwater outflows to the oceans from glacial Lake
Agassiz during the last deglaciation. To be submitted
to Nature.

Thompson, D. W. J. and J. M. Wallace, 2000: Annual
modes in the extratropical circulation: Part I: month-
to-month variability. J. Climate, 13, 1000–1016.

D. Rind, G. L. Russell, S. Sheth, G. A. Schmidt,
NASA Goddard Institute for Space Studies, 2880
Broadway, New York, NY 10025 (cddhr@giss.nasa.gov)

P. Dememocal, LDEO, Route 9w, Palisades, NY
10964

J. Teller, Department of Geological Sciences, Uni-
versity of Manitoba, Winnipeg, Manitoba R3T 2N2

1NASA Goddard Institute for Space Studies and Center for
Climate Systems Research, Columbia University, New York

2Lamont-Doherty Earth Observatory, Palisades, NY
3Now at Los Alamos National Laboratory, NM
4Department of Geological Sciences, University of Manitoba,

Winnipeg, Manitoba

This preprint was prepared with AGU’s LATEX macros
v5.01. File paper2 formatted May 10, 2001.



9

Table 1. Additional experiments performed with STAND in which freshwater pulses or evaporative pulses are
applied.

NAME DESCRIPTION

FRESHWATER PULSE Addition of 10 Sv per year for five years through the St. Lawrence
followed by 195 year simulation

20 YR FRESHWATER PULSE Addition of 10 Sv per year for 20 years, followed by an
additional 20 year simulation

40 YR FRESHWATER PULSE Addition of 10 Sv per year for 40 years
EVAPORATIVE PULSE Added evaporation of 10 Sv per year for five years throughout

the North Atlantic at the latitude of the St. Lawrence followed by
115 year simulation

MODIFIED EVAPORATIVE PULSE Added evaporation of 5 Sv per year for five years throughout the
North Atlantic at the latitude of the St. Lawrence followed by 95 year
simulation. Started year 201 of the FRESHWATER PULSE simulation

Table 2. Antarctic Bottom Water mass stream function (Sv) as a function of time in the control run (STAND)
and the 32× St. Lawrence experiment. Results are shown for both the Atlantic and Global Southern Ocean. Also
shown is the stream function associated with NADW.

YEAR 6–10 21–25 46–50 71–75 96–100 116–120 136–140 156–160

SOUTH ATLANTIC (68◦S)
Control 12.22 11.34 13.40 11.38 14.14 13.18 12.84 10.46
32× St. Lawrence 8.76 13.54 14.64 16.36 19.62 25.46 27.52 26.62
GLOBAL (68◦S)
Control 18.28 17.58 16.78 14.5 15.0 12.02 11.48 9.98
32× St.Lawrence 16.92 16.3 17.3 16.04 14.32 15.74 15.78 12.96
NORTH ATLANTIC (52◦N)
Control 22.22 21.3 19.85 18.8 19.47 19.57 17.1 15.34
32× St.Lawrence 20.1 13.56 6.3 1.98 1.0 -0.84 -0.3 -0.3

Table 3. Antarctic Bottom Water stream function (Sv)
in the different experiments in STAND for years 91–100
in the South Atlantic and Global Southern Ocean, as
well as NADW values.

AABW NADW
Atlantic Global

Control 13.0 14.6 19.5
2× St. Law. 12.9 17.5 18.4
4× St. Law. 14.3 15.3 17.6
8× St. Law. 15.7 17.2 13.2
32× St. Law. 18.6 14.6 1.0
LTC (1) 13.3 14.7 16.3
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Table 4. North (50◦N) and South Atlantic (66◦S) Bottom Water changes in the additional PULSE experiments.
Also given is the surface air temperature change over Greenland.

YEAR GREENLAND NADW ATL AABW
SURF TEMP (◦C) (SV) (SV)

Control NA 15–20 -13
FRESHWATER PULSE 20 -1 3 -18
20 YR FRESHWATER PULSE 20 -3 2 -35
40 YR FRESHWATER PULSE 40 -6 0 -47
EVAPORATIVE PULSE 5 +2 69 0
FRESHWATER PULSE 200 -3 0 -18
MODIFIED EVAPORATIVE PULSE 205 0 30 -12
MODIFIED EVAPORATIVE PULSE 300 -2 4 -14

Figure 1. Atlantic mass streamfunction (Sv) in the control (left) and 32×St.Lawrence experiment for years
141–160 (right). Positive values represent clockwise rotation in the plane of the figure.
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Figure 2. Line graph showing both the control and the experiment of NADW, South Atlantic (Weddell Sea)
AABW, and global AABW for 195 years (the first five years when freshwater was being added are omitted) in
the FRESHWATER PULSE experiment. Stream function values for the NADW were calculated at 52◦N, 900m,
while for AABW, maximum values from 64–68◦S were used. Averaged values over the time period are shown in
parenthesis.
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Figure 3. Ocean salinity change as a function of latitude and depth between the 32× St. Law. experiment and
the control for years 141–160.

Figure 4. As in Fig. 3 except for temperature.
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Figure 5. Sea surface temperature change (top), change in converged ocean heat transport (middle) and change in
ocean ice coverage (bottom) for the Weddell Sea as a function of time in the 32× St. Law. and LTC(1) experiments.
Note that freshwater input is ended in year 160, as discussed in Part I.
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Figure 6. Change in annual surface air temperature (top) and sea ice (bottom) between the FRESHWATER
IMPULSE experiment and the control averaged over 20 years, after 175 years of no NADW production.
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Figure 7. Change in vertically-integrated oceanic heat (potential enthalpy) advection for the last 100 years of the
FRESHWATER IMPULSE experiment. The scale is given on the figure.
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Figure 8. Sea level pressure change (mb) for years 141–160 in the 32× St. Law. run (top) and LTC(1) (bottom).
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Figure 9. Change of angular momentum in the atmosphere between the 32× St. Law. run and the control
for years 141–160. Vertically integrated values are shown for the difference in atmospheric dynamics (the sum
of changes in advection due to mean circulation and eddy effects, and the pressure gradient force from flow over
orography), surface drag, and stratospheric drag.
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Figure 10. Line graph of the change in surface pressure at high southern latitudes, averaged over 60–90◦S, and
the Antarctic Circumpolar Current through the Drake Passage, FRESHWATER PULSE experiment minus control.
Control values used for the comparison employ a 21 year running mean. The smoothing applied to the surface
pressure curve uses a local weighted least squared fit with 10% of the data considered during smoothing.


